Dear Editor,
Embryonic stem cell (ESC) is an attractive and promising source in regenerative medicine. However, current technologies for ESC differentiation do not ensure complete or synchronized conversion of ESCs into a specific functional tissue type for therapeutic purposes. Thus, undifferentiated ESCs, though few, may be still contained in the therapeutic ESC derivatives. It is yet to be determined whether un-differentiated ESCs can survive in adult organs/tissues for a long term in vivo. Previous studies have been aimed to isolate ESC-like cells from somatic tissues or organs [1, 2] . Embryonic remnants were thought to be "lost" during organogenesis and remain dormant in adult tissues/organs. Bone marrow (BM) has been identified as a major source containing hematopoietic stem cells (HSCs) as well as some non-hematopoietic primitive stem cells, which include mesenchymal stem cells [3] , multipotent adult progenitor cells [4] , marrow-isolated adult multilineage inducible cells [5] , and very small embryonic-like stem cells [6] . Some of these non-hematopoietic bonemarrow-derived stem cells have been shown to have features in common with ESCs, as indicated by the expression of the ESC marker gene Oct4. The multipotent adult progenitor cells (so called "MAPCs") were once shown to differentiate into each of the three germ layer cells. However, the claim regarding the existence of ESC-like cells in adult tissues/organs such as BM remains controversial largely due to the difficulty in isolating these extremely rare cells.
In contrast to the previous studies dealing with this important yet unsettled issue, we chose to probe it by a different approach in which exogenous ESCs were directly seeded into BM cavity to see whether the BM environment was able to sustain the survival of the transplanted ESCs. In order to track the injected ESCs, we derived two different kinds of mouse ESC lines whose GFP expression was under the control of Oct4 promoter (oGFP + ) or chicken β-actin promoter (aGFP + ). The fluorescent green color indicates Oct4 expression in the oGFP + cell line whereas it marks the aGFP + cell line regardless of its dif- Figure S1 ) as opposed to the differentiation potential of the aGFP + ESCs in the recipient BM. In our experiment, mice irradiated with 700 cGy irradiation and unirradiated mice underwent in-tibia injection of oGFP + ESCs or aGFP + ESCs (cell passages from 15 to 25) to minimize the peripheral loss by intravenous administration. At various time points post-transplantation, tibias, femurs, and ilia from the transplanted mice were isolated and observed using two-photon fluorescence microscopy. In addition, BM cells flushed from recipient tibias and femurs were sorted for GFP + cells and the Oct4 + -GFP + cells were re-derived as ESCs ( Figure 1A ).
Using two-photon microscopy, we were able to directly observe the GFP + cells and their relationship with the endosteal region in the BM. Oct4 + -GFP + cells stayed alive in the BM for at least 100 days after transplantation (Figure 1B) . Although the time span of capturing the GFP + cells was equally long in both irradiated and un-irradiated groups, more GFP + cells could be observed in the irradiated group and the frequency of observation of GFP + cells was higher. The irradiated microenvironment might be more conducive to the integration of grafted ESCs since irradiation could compromise or mobilize HSCs and promote blood cells to vacate from the BM niches of the recipients to make "space" for the donor cells. In addition, the roles of some unique signals from irradiated hosts in the maintenance of ESCs cannot be excluded. These may also explain why we could only recover ESC-like lines from the irradiated BM, as described below. We also found GFP + cells in the BM of the bone opposite from the injection site ( Figure 1C ). Two-photon microscopy and immunofluorescence results showed that most GFP + cells were randomly distributed in the injection site without physical proximity to the endosteal regions ( Figure 1D ). These observations suggest that the microenvironmental elements for ESCs, if present in the BM, may be different from the niche of HSCs.
Interestingly, the Oct4 + cells could be recovered at various time points post-transplantation and became cell lines again. We successfully re-derived and expanded eight cell lines from BM at multiple time points after transplantation: three cell lines on day 5 (D5), one cell line on day 10 (D10), two cell lines on day 12 (D12), one cell line on day 15 (D15), and one cell line on day 23 (D23) (Supplementary information, Table S1 ). Those re-established cell lines displayed high levels of alkaline phosphatase activity ( Figure 1E ) and expressed all markers known for ESC ( Figure 1F ). They had a normal karyotype of 40 XY ( Figure  1G ) and were able to differentiate into cells of three germ layers ( Figure 1H and 1I) . In spite of all these properties similar to oGFP + ESCs, the pluripotency of these cell lines appeared to be decreased as indicated by the low chimerism ( Figure 1J ) and the fact that no germline transmission could be observed in the chimeric mice produced.
We compared the global gene-expression profiles of oGFP + ESCs (passage 26), and the D5 (passage 8) and D10 (passage 7) cell lines, using DNA microarray. The microarray analyses revealed that the D5 and D10 cell lines were each clustered closely, similar to each other but a little different from the oGFP + ESCs (Supplementary information, Figure S2A ). The gene expression profiles by microarray indicated little difference in most pluripotency and differentiation genes among these three groups, including: Nanog, Sox2, Klf4, Nestin, Map2, Brachyury, Bmp4, Nodal1, Pecam1, Gata4, and Gata6. However, alteration in some imprinted genes, including H19, Igf2r, Phlda2, Htr2a, Tnfrsf23, Peg10, Igf2, Sgce, Ndn, Plagl1, and Xist, was detected, suggesting that epigenetic alterations might account for the decreased pluripotency of the recovered ESCs (Supplementary information, Figure  S2B ). Next, we examined CpG-rich cis-elements known as differently methylated regions for important imprinted genes (Igf2-H19, Igf2r, and Xist) using bisulfite sequencing (Supplementary information, Figure S3 ). We found that D10 cell lines showed significant hypomethylation (16.25%) of the differently methylated regions for the Igf2-H19 locus. In contrast, this region was slightly hypermethylated in the oGFP + ESCs and D5 cell lines. Compared to oGFP + ESCs, the D5 and D10 cell lines had the same tendency of methylation patterns in the differently methylated regions for Igf2r and Xist. Although time-dependent epigenetic alterations were shown in the re-established cell lines, it is unknown how the microenvironment of BM could alter the epigenetic status of transplanted ESCs. Thus, epigenetic instability needs to be monitored when using stem cells for technological and therapeutic purposes.
It is not clear which molecules are responsible for sustaining ESCs in BM. The bone morphogenetic proteins (BMPs) might be potential candidates [7] . BMPs act in combination with LIF to sustain self-renewal and preserve the multilineage differentiation capacity of ESCs. They also induce the expression of the inhibitor of differentiation (Id) genes, which are required for the self-renewal response produced by LIF/STAT3. This is consistent with our microarray and real-time results, which showed that Id2 and Id3 are expressed at higher levels in D10 cells and D5 cells than in ESCs. Alternatively, given the fact that ESCs have been shown to grow autonomously [8] and the autocrine signaling of ESC colonies produces a radial organization of self-renewal, generating a fixed-locationindependent autoregulatory niche [9] , ESCs may yield their own niches to maintain their self-renewal and pluripotency in BM.
Upon injection, GFP + cells were rapidly lost in the BM, possibly caused by massive death, differentiation and migration of ESCs in the local environment. Nevertheless, a small portion of the injected ESCs, as indicated by the Oct4 + cells in the oGFP + ESCs-transplanted group, were able to survive and maintain their pluripotency, thereby suggesting an adaptability of ESCs in an adult environment. Recently, transplanting human ESCs into the hippocampus of athymic nude rats has been shown to improve cognitive impairment caused by irradiation. The transplanted cells can migrate to the subgranular zone and exhibit signs of neuron morphology within the neurogenic niche with no observed overt adverse cognitive sequelae or intracranial teratogenesis [10] . In contrast, our study detected teratomas in about 30% of irradiated hosts and 7.5% of unirradiated hosts. Thus, our study also offers a unique model to study how stem cell pluripotency is potentially linked to tumorigenesis.
In conclusion, our current study employed a novel approach by transplanting exogenous GFP-marked ESCs and demonstrated that the BM environment can sustain long-term survival of pluripotent stem cells, though decreased pluripotency of the transplanted ESCs may occur. This approach should be also applicable to the studies on induced pluripotent stem cells (iPSC). Therefore, our study has important implications for the understanding of stem cell development and maintenance, as well as for the safety evaluation of therapeutic ESC or iPSC derivatives, especially given the fact that rare un-differentiated ESCs can be contained in the final cellular products. Further studies are warranted regarding dissection of the microenvironment in the BM responsible for ESC survival and potential differentiation. 
